Introduction
The recognition that tropical rain forest destruction can have serious hydrological and climatic implications (reviewed by Bruijnzeel [1990] and Gash et al. [1996] ) has prompted a number of investigations into tropical forest evapotranspiration. Evapotranspiration (ET) represents an important component of the water balance of tropical lowland rain forest and therefore constitutes a major determinant of the amounts of water draining from such environments. With very few exceptions, however [Calder et al., 1986; , the available estimates of tropical forest ET are based on the catchment water budget technique [Bruijnzeel, 1990; Malmer, 1993; Lesack, 1993; Jetten, 1994; Abdul Rahim et al., 1995] . This method is notoriously prone to errors associated with ungauged subterranean transfers of water into or out of the catchment and may therefore produce relatively unreliable estimates of ET, unless the catchment is demonstrably watertight [Ward and Robinson, 1990 ]. The problem is illustrated by the contrasting results obtained for various small forested catchments in central Amazonia whose reported apparent annual ET ranges from 1120 mm [Lesack, 1993] to 1675 mm [Leopoldo et al., 1982] ET for lowland and hill dipterocarp rain forests on granitic substrates in Peninsular Malaysia, receiving over 2000 mm of rain annually without a pronounced dry season, vary from about 1000 mm [Low and Goh, 1972 ] to almost 1800 mm [Abdul Rahim and Baharuddin, 1986] .
Such methodological problems prevented Bruijnzeel [1990] in his review of tropical rain forest water use from finding distinct differences in ET for the three major rain forest blocks of West Africa, Amazonia, and Southeast Asia. In addition, Bruijnzeel [1990] ascribed ET totals that were well above 1400-1500 mm yr-• to problems with catchment leakage rather than to specific climatic conditions favoring high evaporation [cf. Richardson, 1982] . Shuttleworth [1989] advanced the idea that compared to midcontinental sites, tropical deforestation was likely to have greatest effect on river flow (though not necessarily climate) at continental edge and island locations. He based this contention on a comparison of the micrometeorology of a rain forest in central Amazonia and a spruce plantation in Wales, United Kingdom [Shuttleworth and Calder, 1979] , as well as on the reported contrast in rainfall interception (Ei) by lowland rain forests in central Amazonia [Lloyd and MarquesFilho, 1988] and West Java, Indonesia [Calder et al., 1986] . Unfortunately, the latter comparison was limited by markedly different methodologies for the estimation of E i which rendered the argument inconclusive.
However Arguably, a good way to resolve some of the methodological problems referred to above is to combine hydrological and micrometeorological process studies. The present study aimed to evaluate the magnitude of ET and its components under the wet maritime tropical conditions prevailing in the Luquillo Experimental Forest (LEF), eastern Puerto Rico, through a combination of catchment hydrological, geophysical, throughfall, and micrometeorological measurements. Earlier work in the LEF [Scatena, 1990b] had already suggested very high interception losses (up to 40% of incident rainfall on an annual basis), adding further interest to the determination of a potentially extreme value for total ET. This paper reports results for ET and its main components as obtained during 2 years of observations in the 6.43 ha Bisley II catchment in the Tabonuco forest [Scatena, 1990a] was used to obtain discharge after converting the logger readings to water levels at the culvert entrance. Water level records were corrected for changes in stream bed geometry when necessary. An estimate of AS was made by comparing the precipitation totals of the 2 weeks preceding the beginning and end of the water balance period. To estimate A G, discharge levels at the start and end of the water balance period were inserted into a master recession curve consisting of two superimposed linear reservoirs [Hall, 1968] for which the coefficients were determined via nonlinear regression [Marquardt, 1963] : •L4 + pCpVPD/ra XE = zX + 3/(1 + rs/ra) '
For wet canopy conditions, (9) reduces to (t0): The ratio 0.06h • for the roughness length (Zo) of the forest in central Amazonia [Shuttleworth, 1989] Throughfall (TF) was recorded continuously between May 5 and July 9, 1996 (66 days), using three flat-bottomed, sharprimmed steel gutters (6 x 300 cm) placed at a steep angle to minimize splash out. Each gutter was equipped with a 180-L capacity tipping bucket with logger system. To minimize wetting and drying losses, the gutters were cleaned and sprayed with a silicone solution every week. In addition, TF was measured with 20 randomly placed but nonroving collectors (143 cm 2 surface area) which were emptied every week throughout 1996 and 1997. These fixed gauges have been in operation since June 1987 [Scatena, 1990b] . A roving gauge technique ] had been adopted in the beginning, but when an initial comparison of the performance of the fixed and roving gauges did not reveal significant differences, only the fixed network was maintained [cf. Brouwer, 1996] . The gutters and gauges were distributed throughout the catchment. The 5-min TF records obtained with the gutters were converted to areal averages every time the manual gauges were emptied, using a weighting procedure based on the relative magnitude of the surface areas of the respective gauge types.
Stream water levels were recorded at 5-min intervals by a to dry the canopy completely. The average intensity of these events was 3.0 mm h -•, and the average storm size was 10.7 mm, with an average duration of 3 hours and 34 min (Table 1) . However, the results were influenced considerably by an extreme event (estimated return period > 5 years) occurring on May 13, 1996, during which 227.7 mm was delivered over a period of almost 21 hours (Table 1 ) of which more than 120 mm fell in 3 hours. Because of their rather skewed frequency distributions (Figures 3a and 3b) , the median values of storm size and duration, and (with them) rainfall intensity, were markedly lower than the average values (Table 1) . Some 65% of the storms were <-5 mm (Figure 3a) , but owing to their small size their overall contribution to the total was much smaller (--• 12%, Figure 3c ). On average, small storms also had a lower intensity compared to larger storms (compare Figures 3a and  3b) . The diurnal distribution of rainfall occurrence and amount is shown in Figure 4 . Although more rain falls during the day, rainfall occurrence is higher during the night and early morning. This indicates the prevalence of small, low-intensity storms during the latter periods as opposed to the larger events that tend to occur mainly during the day.
Throughfall Characteristics
Throughfall totals for 1996 and 1997 amounted to 1814 and 2036 mm, respectively, corresponding to 49 and 59% of gross precipitation, respectively. At 45% of P the relative amount of TF determined between May 5, 1996, and July 9, 1996, (period of continuous recording) represents one of the lowest values measured between March 1996 and March 1998 ( Figure 5) .
The May-July 1996 TF data set was subdivided into daytime and nighttime events. Table 2 lists the properties of the 54 storms that could be used in a day/night comparison (i.e., a subset of those shown in Table 1 ). Storms that crossed the day/night boundary were excluded, as were storms larger than 15 mm so as to make the two subsets more comparable. As shown in Figure 6 , there was no significant difference in the relationship between TF and P for daytime and nighttime conditions. Also, at least for storms -<15 mm, the TF/P ratio was remarkably constant and apparently independent of storm size ( Figure 6 ). However, on a longer timescale the TF/P ratio does vary ( Figure 5 ). The implications of these observations is discussed in section 5.3.
Catchment Water Balance
The amounts of water leaving the catchment as streamflow during the 66-day period of detailed TF and micrometeorological measurements and 1996 and 1997 as a whole were 278, 1267, and 1301 mm, respectively, corresponding to 32, 34, and 37% of P for the respective periods (Table 3) based estimates (Table 3) . Expressed as a percentage of corresponding rainfall totals, the difference between the two estimates ofE t amounted to 5%, 7% and 4%, respectively (Table  3) 
Equation (15) is valid for daytime (R, > 50 W m -2) periods
with dry canopy conditions. As shown in Figure 5 , the seasonal variation in the TF/P ratio at the study site is considerable, with relatively low values in the "summer" months (down to ---0.45) and higher values during the "winter" and "spring" period (up to ---0.70). Seasonal changes in rainfall, radiation, and temperature are thought to be the main contributors to this variation.
Daytime totals of dry canopy evaporation (Et) were computed by inserting the appropriate values for r s and ra into the Penman-Monteith equation (9). The resulting E t totals for the 66-day period in
Interestingly, a separate analysis of daytime and nighttime events did not reveal a significant difference in the TF/P ratio for daytime and nighttime conditions (Figure 6) [Pearce et al., 1980] . As will be discussed in more detail in section 5.3, such observations strongly suggest that radiant energy alone is not sufficient to maintain such high wet canopy evaporation [cf. Shuttleworth and Calder, 1979] . Although the simple linear regression shown in Figure 6 does not do justice to the complexity of the interception process, Figure 6 suggests that the same applies to the Bisley situation.
Catchment Water Balance and Evaporation Components
At 2420 and 2179 mm yr -• the evapotranspiration (ET) totals for the Bisley forest for 1996 and 1997, respectively, derived with the catchment water budget technique (Table 3) Part of the high value derived for E i, and thus for total ET, may be attributed to our simple estimate of SF as a constant fraction of P [Scatena, 1990b] . This assumption might not be valid for large high-intensity storms [Waterloo, 1994] . Assuming the error in rainfall and throughfall measurements to be about 5% [Gash et al., 1980] , the error in measured interception loss (at 45% of gross rainfall) would be 16%. A second argument for the validity of the high ET totals obtained for the Bisley forest concerns the reasonable agreement between the water-budget-based values of ET and the sum of the micrometeorological (Penman-Monteith) estimates of E t plus measured Ei (---7%, Table 3 ). Accepting therefore the high values for ET at Bisley, further inspection of Table 3 shows that the bulk of the total evaporation consists of wet canopy evaporation (E•), namely, 57% for 1997 and 65% in 1996. As shown in Table 4 In his review of evaporation from tropical rain forests, Bruijnzeel [1990] suggested an average value of about 1400 mm Table 4 ). To these can be added the recent estimates for the entire Rio Marneyes catchment [Larsen and ConcepciSn, 1998 ] and the present study. Such results seem to confirm the original finding of Richardson [1982] , although her explanation ("high rainfall and breezy conditions") is not necessarily valid for the other highevaporation sites as well. As shown in Figure 10a , annual totals of ET for lowland tropical forests increase with rainfall, although the scatter is considerable, particularly for rainfall exceeding 3500 mm yr -•.
Interestingly, for a given rainfall, values of ET observed for forests located on islands in the outer tropics (e.g., Fiji, Jamaica, and Puerto Rico, 18 ø north or south, "type 1") tend to be higher than those for forests situated closer to the equator (0-10 ø north or south). The latter group may be subdivided into "continental edge" ("type 2") and "midcontinental" locations ("type 3"). The scatter in ET values is primarily due to the very large variation in intercepted rainfall (range of 220-1790 mm yr -•, Table 4 Table 4 were derived by subtracting interception losses from overall ET. As such, they should be treated with caution. Nevertheless, an interesting pattern emerges when plotting the ratio E i/E t against rainfall (Figure 10d ). At the low end of the rainfall spectrum (P < 2000 mm yr-•), rainfall interception typically makes up 20-25% of the total evaporation, regardless of site location in terms of proximity to the ocean or the equator (i.e., types 1, 2, or 3). However, rainfall interception becomes gradually more important when annual rainfall exceeds a value of---2500-2700 mm yr -•, both in the absolute sense (Figure 10b ) and relative to E t (Figure 10d) . Also, for similar amounts of rainfall above this "threshold" of 2500-2700 mm yr -•, both absolute and relative values of E i tend to be somewhat higher for "type 2" locations (equatorial continental edge sites) than for "type 3" locations (midcontinental sites). In turn, values for "type 1" locations (maritime outer tropical sites) exceed those for "type 2" locations (Figures 10b and 10d) (Figure 10d) , confirming the importance of intercepted rainfall in both humid tropical and temperate maritime settings [e.g., Pearce et al., 1980; Calder, 1990] . Such findings lend further credibility to the high values presently found for E i and ET in Puerto Rico.
Wet Canopy Evaporation: Inferred Rates and Possible Explanations
The evaporation data for the Bisley forest presented in the preceding sections represent some of the highest values reported for lowland tropical rain forest (Table 4) . Averaged over the two years 1996 and 1997, the total ET loss was approximately 42% higher than the evaporation equivalent of the total net radiant energy input (Rn). The contrast becomes Another possible energy source is heat released upon condensation of water vapor in the air above the forest. The latter possibility seems to find support from the observation that larger rainfall events are accompanied by higher E i (i.e., the TF/P ratio is independent of storm size, Figure 6 ), suggesting a positive feedback of rainfall amount (and thereby condensation) on the magnitude of E i.
Accepting that the presently measured Ew requires the total available energy A in (10) to be much higher than measured R, also has consequences for the magnitude of r a. Typical daytime values of r a at Bisley as computed with (12) Thus the question of how the r a at Bisley can be so low compared to values predicted by (12) remains. Calder [1990] drew attention to the possibility of enhanced upward transport of evaporated moisture by gusts and eddies, even during neutral or stable conditions, although he added that the "extent to which these gusts are associated with thermal-or humiditydriven plumes, local topography or other factors is still unknown." More recently, McNaughton and Laubach [1998] showed that such enhanced upward moisture transport increases with a relative increase of the standard deviation of wind speed compared to the mean wind speed. This confirms the contention of Calder [1990] that gusts may, indeed, be important, and although further study of the instantaneous wind data is needed, it is probable that gusts are relatively important because of the low mean wind speed. In addition, the aerodynamic roughness of the Bisley forest may be increased further by its very irregularly shaped canopy as a result of hurricane damage in the past [Scatena et al., 1993] . Further work is necessary to improve our understanding of the transport mechanism of evaporated moisture under conditions of low wind speed during rain events. Clearly, such transport at Bisley is much more efficient than suggested by (12).
An alternative approach to match measured and predicted rainfall interception totals was followed by Calder et al. [1986] when an application of the Rutter model of rainfall interception [Rutter et al., 1971] (10) would require an optimized canopy storage capacity of +20 mm. In addition, the application of such an unrealistically high value for S produced a pattern of E i that differed markedly from the measured one. Conversely, optimizing for Ew gave a near-perfect fit with observed daily totals. A further discussion of the performance of various interception models using the Bisley data set was given by Schellekens et al. [1999] .
Conclusions
Although values of transpiration (evaporation from a dry canopy (Et)) for the Bisley forest in eastern Puerto Rico are within the "low to normal" range for lowland tropical rain forests, those for intercepted rainfall (evaporation from a wet canopy (E•)) are exceptionally high (up to 50% of incident precipitation (P)). As a result, annual values of total evapotranspiration (ET) in eastern Puerto Rico are also very high (2180-2420 mm).
Several factors are believed to be responsible for these observations, including (1) the frequent occurrence of rainstorms of low intensity associated with frontal activity; (2) a highly effective net upward transport of evaporated moisture from the wetted canopy driven by the release of heat upon condensation, probably aided by (3) the proximity of the site to the warm waters of the Atlantic Ocean which may act as a source of advected energy brought in by the trade winds; and (4) a comparatively low aerodynamic resistance due to the broken-up character of the forest as a result of hurricane damage and its location in highly dissected terrain.
Comparison of the present results with those obtained for other tropical island and continental locations suggests that high ET losses may well be a distinct feature of near-coastal locations. The Penman-Monteith evaporation model failed to predict the observed high values for E i unless the value of r a was reduced to 2.1 s m-•, a very low value. Further research is needed (and intended), especially on (1) the proper quantification of the aerodynamic characteristics of lowland rain forest subject to hurricane disturbance and (2) the elucidation of the nature of the large amounts of additional nonradiant energy required for sustaining the observed high evaporation rates.
